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Abstract: Two-dimensional transition-metal dichalcogenides
(TMDs) have attracted enormous interest, due to the richness of their optical and electronic properties. Here, we consider two prototypical two-dimensional TMD metal-semiconductor bilayer heterostructures, VSe2-MoSe2 and VSe2-WSe2,
and investigate the effect of the semiconducting layer on
the plasmons supported by the metallic layer using first
principles time-dependent density functional theory

(TDDFT) calculations. We focus on the flat region of the
plasmon dispersion, where momentum transfer is larger
than 0.05 b@1 and the interband transitions gain importance.
With the addition of the semiconducting layer, we show that
the electronic band structure undergoes significant changes
close to the Fermi level, and hybridization occurs, which
leads to strengthening of the interband transitions and a significant redshift in the plasmon energy.

Keywords: ab initio calculations · collective excitations · density functional calculations · dielectric and response functions · electron energy
loss spectroscopy

1. Introduction
Plasmons are collective oscillations of electrons in metals
or semiconductors. Through plasmons, it is possible to
confine and control the electromagnetic energy on
a smaller scale than light in vacuum and achieve high
near-field intensities.[1] Such control over the electromagnetic fields is crucial for modern information, communication, and imaging technologies.[2] Because of their electronic origin, plasmon excitations depend intrinsically on
the electronic properties of their host material, which can
also depend dramatically on the dimensionality.
After the isolation of graphene in 2004,[3] the interest
in the field of two-dimensional crystals has risen enormously. Graphene has an unconventional gapless electronic structure, which hosts quasiparticle states in linearly dispersing cones with a vanishing electronic density of
states at the Fermi level, which can, in turn, be understood in terms of a massless Dirac pseudospin Hamiltonian.[4] This gapless electronic structure, while fascinating,[5]
poses a challenge for the application of graphene in electronic devices such as transistors. However, when graphene is electronically doped, an optical gap and a finite
density of states at the Fermi energy are introduced,
which leads to the emergence of a carrier plasmon
branch. These plasmons show strong spatial confinement
of more than 40 times[6] the wavelength of light, but the
achievable carrier concentration and the energy of the
plasmon restricts the applications down to the mid-infrared region.
To overcome the necessity of doping and energy restriction for applications, other families of two-dimensionIsr. J. Chem. 2017, 57, 540 – 546

al crystals have been explored. A particularly interesting
class is that of monolayer two-dimensional transitionmetal dichalcogenides (TMDs).[7] The chemical formula
for TMDs is MX2, where M is the transition metal, and X
is one of the following chalcogens: S, Se, or Te. A single
sheet of MX2 is composed of an array of transition-metal
atoms, each bonded to two chalcogens, in a hexagonal
structure, as displayed in Figure 1. TMDs display fascinating properties, such as valley-selective optical circular dichroism,[8] coupled valley and spin degrees of freedom,
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Figure 1. Top and side view of 2H-bilayer TMD heterostructure
system. The introduction of an incident electromagnetic field
(black arrow), perpendicularly to the plane of the system, which
creates a plasmon (red wave) in the metallic layer is shown in the
side view.

and large exciton binding energies.[9] Moreover, depending on the transition metal in the structure, these materials can be either metallic or semiconducting.[7,10] The electronic properties of TMDs also depend dramatically on
the number layers forming the material. For instance,
even though the layers are bound by weak van der Waals
forces, MoS2 has an indirect band gap in its bulk form,
whereas a single layer of MoS2 has a direct gap.[11]
Indeed, semiconducting TMDs are studied quite extensively, both theoretically and experimentally.[10a,11,12]
There are also very novel, interesting phenomena that
take place on metallic TMDs. For instance, it was reported that metallic TMDs, such as NbSe2 and TaS2, have
a phase diagram where the charge density wave (CDW)
and superconductivity coexist at low temperatures. The
CDW phase has a tendency to open a gap in the material,
whereas the superconducting phase needs a conductor.
Hence, these two many-body states are in direct competition, leading to a complex phase diagram.[13] Additionally,
in the metallic form, TMDs have much higher carrier
concentration than doped graphene, resulting in plasmon
energies in the near-infrared region.[14] Moreover, it was
observed experimentally that 2H-TaS2, 2H-TaSe2, and
2H-NbSe2 exhibit negative plasmon dispersions, which
are qualitatively different from the plasmon dispersion
found in a homogenous electron gas (HEG).[15] Therefore,
it is crucial to include the microscopic details of the
atomic arrangement when computing the dynamical response of these layered metals, which can be achieved by
first-principles methods. Indeed, previous ab initio calculations on the plasmon dispersion of metallic TMDs –
both on monolayer and bilayer forms – report interesting
features of both high-energy[16] and low-energy plasmons.[14c,d,f,15,17] High-energy plasmons originate from the
interband transitions from p and p + s bands at zero momentum (q = 0), and low-energy plasmons occur due to
the intraband transitions in the metallic d band. These
carrier plasmons are quite interesting, as they display
Isr. J. Chem. 2017, 57, 540 – 546

a strong dispersion for wave vectors up to ~ 0.05 c@1, and
become flat for larger wave vectors.
In this study, we theoretically examine the possibility of
tuning these low-energy carrier plasmons by engineering
metal-semiconductor heterostructure bilayer TMDs,
namely, VSe2-MoSe2 and VSe2-WSe2, as shown in
Figure 1. We perform ab initio calculations of the loss
function, by which we can pinpoint the plasmon excitations, as in Eq. (1), for different values of wave vectors q,
ranging from 0.07 to 0.35 c@1, within time-dependent
density functional theory (TDDFT). We have studied the
role of the semiconducting layer on the plasmon dispersion, and observe that the semiconducting layer is responsible for a significant redshift in the plasmon energy of
the metallic monolayer TMD. This finding can be applied
to tune the plasmon dispersion in metallic monolayer
TMDs.

2. Theory
To identify the plasmon excitations, we look at the peaks
in the loss function L(q, w) which is the negative of the
imaginary part of theE inverse macroscopic
dielectric funcC
tion (Lðq; wÞ ¼ @Im e@1
M ðq; wÞ ). Here, q is the momentum transfer and w is the frequency. The macroscopic dielectric function is a complex function which can be written in terms of real and imaginary parts as eM(q, w) =
e1(q, w) + ie2(q, w). Then, the loss function becomes
Lðq; wÞ ¼

e2 ðq; wÞ
:
e21 ðq; wÞ þ e23 ðq; wÞ

ð1Þ

The peaks of the loss function are identified as plasmon
excitations, and are obtained when e1(q, w) is zero and
e2(q, w) is small. The macroscopic dielectric function can
be calculated from the microscopic dielectric function as
follows:
eM ¼

1
;
e@1
0
G¼0;G ¼0 ðq; wÞ

ð2Þ

where G and G’ are reciprocal lattice vectors, and eG,G’ is
the dielectric matrix in reciprocal space. While the dielectric matrix is diagonal for a homogenous electron gas, the
off-diagonals can be quite important in real systems,
giving rise to what is known as local field effects. The microscopic dielectric function can be calculated with
TDDFT with the use of a Dyson-like equation for the
linear-response polarizability c starting from independent
particle polarizability c0 as follows:
c ¼ c0 þ c0 ðu þ fXC Þc;

ð3Þ

where u is the Coulomb interaction, and fXC is the exchange correlation kernel. Here, we used the random
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phase approximation (RPA), in which the exchange and
correlation effects are neglected, and a bare Coulomb interaction is assumed in the screening Dyson-like equation
for the response of the system; hence, fXC = 0. c0 can be
calculated in Fourier space with the help of the Kohn@
KS
Sham wavefunctions @KS
n;q and eigenvalues en;q obtained in
the ground-state calculation as:
1 X D KS 44 @iðqr þGÞ:r 44 KS E
c
¼
@n0 ;k@qr e
@n;k
V knn0
D 4
E
4
0
0
4 iðqr þGÞ:r 4@KS0
@KS
n;k e
n ;k@qr G ðn; n ; k; qr ; wÞ;
0
GG0

ð4Þ

in which
G0 ðn; n0 ; k; qr ; wÞ ¼
2

1

1

3

5;
0
/
0
/
fn0 k@qr ð2 @ fnk Þ4
@
KS
KS
þ ih (
(hw þ eKS
hw þ eKS
n0 k@qr @ enk
nk @ en0 k@qr : ih

ð5Þ
where fnk is the occupation number of the corresponding
Kohn@Sham orbital and h is the broadening, which
should be infinitesimal. Therefore, starting from groundstate Kohn@Sham wavefunctions and eigenvalues, the loss
function and the collective electronic excitations can be
calculated.

3. Computational Details
To compute the plasmon dispersion, we first obtained the
ground-state charge density of the heterostructures within
density functional theory (DFT),[18] as implemented in the
ABINIT electronic structure code.[19] The calculations
were performed using a plane-wave basis in a supercell
arrangement, where we kept a large distance of 40 c between repeated heterostructures in neighboring supercells
to avoid spurious interaction. We used norm-conserving
Troullier@Martins pseudopotentials, including semicore
states, and performed our calculations within the local
density approximation (LDA).[20] The systems were relaxed to their ground state, with a k-point mesh of 24 X
24 X 1, and a cutoff energy of 75 Ha, until two consecutive
steps had an energy difference of less than 10@7 Ha. Eventually, the lattice constants, a, and the separation between
the layers, d, of VSe2-MoSe2 and VSe2-WSe2 bilayer heterostructures were found to be a = 3.31 c, d = 2.94 c, and
a = 3.29 c, d = 3.11 c, respectively. Next, we computed
the loss function of these heterostructures within
TDDFT,[21] making use of the computational code
Yambo.[22] The calculations were performed within
RPA,[23] where the exchange correlation kernel was zero
(fxc = 0 in Eq. (3) above). For the evaluation of the macroscopic dielectric function, we included 120 bands in our
calculations, with a k-point mesh of 32 X 32 X 1. The dielectric matrix was expanded, and subsequently inverted in
Isr. J. Chem. 2017, 57, 540 – 546

a plane-wave basis set of 500 G-vectors with all localfield effects (LFE) included. To exclude artificial longrange Coulomb interaction between the periodic images
in the direction perpendicular to the layers, we truncated
the Coulomb potential.[24]

4. Results and Discussion
4.1 Band Structure

Before studying the plasmon excitations, we first examine
how the semiconducting layer affects the electronic band
structure. In Figure 2a, we show the electronic band structures of the VSe2 single layer with red dashes. For comparison, we also show the electronic band structure of the
VSe2-MoSe2 bilayer heterostructure with black lines. Similarly, in Figure 2b, the blue dashed lines represent the
band structure of the MoSe2 single layer. We notice that
the electronic bands of the monolayer structures can be
traced in the bands of the bilayer heterostructure with
slight shifts and insignificant changes. However, when we
analyzed deeply, we observed that there are significant
hybridizations in the bands just below the Fermi level.
Therefore, although the general shapes of the electronic
bands are not changed much with respect to their singlelayer forms, the combination of the two band structures is
extremely important for the plasmon excitations. Specifically, we observe that most of the changes in plasmonic
properties occurring due to the addition of the semiconducting layer, for the wave vectors studied, can be understood in terms of just two bands: the metallic half-occupied band which crosses the Fermi energy, and the first
fully occupied band that is just below in energy, and
which we refer to as “the first valence band” of the
metal-semiconducting heterostructure. These two bands
are highlighted in Figure 2c, where the inset figures further show how the partial charge density due to each particular Kohn@Sham state is distributed in real space for
each high-symmetry point. From the figure, it becomes
clear that the metallic band (band 1 in Figure 2c) originates from the metallic layer, while the first valance band
(band 2) is a hybrid band that has varying contributions
from each layer at different high-symmetry points. At the
G point, 42 % of the wavefunction from band 2 originates
from the semiconducting layer; this contribution decreases to 26 % at the M point. As we move in the Brillouin
zone away from the M point along the T line, the wavefunction becomes more localized on the semiconducting
layer until it becomes 95 % concentrated at the semiconducting layer at point K. It is not surprising to find contributions to the hybridization of band 2 from the metallic
layer around the G and M points, since there are already
traces of the electronic bands of this layer in the proximity, as in Figure 2a. However, the hybridization around the
K valley (blue area in Figure 2c) is not an obvious phenomenon at first, and it plays a very important role for
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so we can rewrite the independent particle polarizability
as: c0 ¼ cintra þ cinter . Since the metallic band is very similar, both in the VSe2 single layer and the VSe2-MoSe2 bilayer heterostructure, the main difference in the c0 of
these systems is due to cintra, especially transitions from
transition band 2 to transition band 1. In Figure 3, we

Figure 3. Calculated loss function of the VSe2-MoSe2 bilayer heterostructure and the VSe2 single layer, excluding the interband transitions for q = 0.07 a@1 along the G–M direction.

Figure 2. Electronic band structures of the: a) VSe2-MoSe2 bilayer
heterostructure and VSe2 single layer; and the b) VSe2-MoSe2 bilayer heterostructure and MoSe2 single layer. c) The dispersion of the
conduction (band 1) and the first valance bands (band 2) of the
VSe2-MoSe2 bilayer heterostructure, with partial charge densities
for high-symmetry k points as an inset. The top layer in the inset
represents the semiconducting layer, while the bottom layer represents the metallic layer.

the plasmon dispersion. Since band 2 has an energy dispersion almost parallel to that of band 1, and since there
is a sizable hybridization, there is a significant spatial
overlap between the states in these two bands, so we can
anticipate an important contribution to the polarizability
coming from this transition. Due to the low energy of this
transition, and a van Hove singularity of the joint density
of states for transitions between band 2 to band 1, we
expect this transition to explain most changes in the plasmon dispersion as we go from the monolayer structure to
the heterostructure.
4.2 Plasmons

If we take the intraband contribution out of the sum in
Eq. (4), the remaining part is the interband contribution,
Isr. J. Chem. 2017, 57, 540 – 546

compare the loss functions of the VSe2-MoSe2 bilayer heterostructure and the VSe2 single layer for q = 0.07 c@1
along the G–M direction, with only intraband transitions
included in the calculation. Since there is no interband
transition contribution to this calculation, and the shapes
of the metallic bands of the two systems are very similar,
we get almost identical loss functions. As we mentioned
earlier, after the addition of the semiconducting layer,
band 2 hybridizes, which facilitates the overlap between
band 2 and band 1. Also, band 1 and band 2 have almost
the same shape at every point around the K valley, resulting in the enhancement of the excitation of the electrons
from band 2 to band 1 for a small energy window around
0.62 eV for the VSe2-MoSe2 and 0.65 eV for the VSe2WSe2 bilayer heterostructures, which are the average
energy differences between band 2 and band 1 around
the K valley, respectively. Therefore, the value of the fraction:
ðf 0
@ f nk Þ
0 n k@qr
/
KS
hw þ en0 k@qr @ eKS
(
þ ih
nk

ð6Þ

in Eq. (4), together with the spatial overlap between band
2 and band 1, increases significantly. In fact, this feature
appears as a shoulder in the loss functions of both the
VSe2-MoSe2 and the VSe2-WSe2 bilayer heterostructures,
as shown in Figure 4a and Figure 4b with green arrows,
respectively. Notably, there is no shoulder in the loss
function of the metallic single layer. We assign this
shoulder to the interband transitions from band 2 to band
1, because when this transition is excluded from the po-
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larization matrix, the feature disappears, as shown in Figure 4c (compare black and red lines). It is known that interband transitions cause a redshift in plasmon dispersion
in TMDs,[14d] so a further redshift of 188 meV of the plasmon peak in the heterostructure with respect to that of
the monolayer, as shown in Figure 4a, upon the inclusion
of the semiconducting layer is not surprising. Similarly,
the energy of the plasmon is blueshifted by a large
amount (75 meV) when we block transitions from band 2
to band 1, while it remains redshifted with respect to the
metallic single-layer case. This means that the extra polarizability due to transitions from band 2 to band 1 is the
most important mechanism behind the change in the plasmon in the heterostructure, even though the extra transitions from all other bands still slightly contribute to the
shift of the plasmon energy. To validate this interpretation and rule out what could be an important polarizability channel, even for the monolayer structure, we performed another calculation, where we did not include the

transition from the first valance band to the metallic band
of the VSe2 single layer in the polarization matrix (compare blue and green lines). In this case, we do not see
a significant shift in the plasmon energy, as in the bilayer
case. Moreover, since the polarizability is zero when
there is no spatial overlap between different transitions, it
is safe to conclude that the newly introduced hybridized
part of band 2 around the K valley is responsible for the
observed shift in the plasmon energy. The peak in the
loss function is at an energy of 0.45 eV for VSe2-MoSe2
and at 0.47 eV for VSe2-WSe2 for q = 0.07 c@1 along the
G–M direction. These peaks are plasmon resonances that
derive from the intraband transitions within the metallic
band, where the real part of the dielectric function is
zero. In Figure 4d, we show the plasmon dispersions of
the VSe2-MoSe2 bilayer heterostructure, with and without
the electronic transitions from band 2 to band 1, as well
as the plasmon dispersion for a single-layer VSe2. From
the figure, it is clear that the electronic transitions from

Figure 4. Comparison between the loss functions of: a) the VSe2-MoSe2 bilayer heterostructure and the VSe2 single layer (rescaled by
V 0.36); b) the VSe2-WSe2 bilayer heterostructure and the VSe2 single layer (rescaled by V 0.43), with all transitions included; and c) the
VSe2-MoSe2 bilayer heterostructure and the VSe2 single layer (rescaled by V 0.36) with full transitions, the VSe2-MoSe2 bilayer heterostructure
excluding the interband transitions from band 2 to band 1, and the VSe2 single layer (rescaled by V 0.36) excluding the interband transitions from the first valance band to the conduction band for q = 0.07 a@1 along the G–M direction. d) Dispersion of the plasmon energy as
a function of momentum transfer along the G–M direction for the systems in c), except for the VSe2 single layer, excluding the interband
transitions from the first valance band to the conduction band.
Isr. J. Chem. 2017, 57, 540 – 546
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band 2 to band 1 explain most differences between the
plasmon dispersion from the single-layer case and the
heterostructure, especially for larger wave vectors. The inclusion of the semiconducting layer decreases the plasmon energy significantly, by about 0.2 eV, whereas the
slope of the dispersion is not affected much.

5. Conclusion
We investigated the effect of the semiconducting layer on
the plasmon in a metal-semiconductor TMD heterostructure. Although the electronic band structure is very similar to the sum of the band structure of two separated
layers, with the addition of a semiconducting layer, the
bands just below the Fermi level, which are close in
energy to the bands of an isolated semiconducting TMD
monolayer, get considerably hybridized in the heterostructure. Together with the low energy required to promote an electron from this band to an unoccupied band,
this band ends up contributing to significant changes in
the polarizability as the metallic monolayer TMD is
brought to the heterostructure environment. This enhancement is so important that it can be identified in the
loss function as a shoulder and at high momentum transfers, and it is responsible for almost all the effects of the
semiconducting layer on the plasmon. Due to this transition, the energy of the plasmon is decreased significantly,
by roughly 75 meV for q = 0.07 c@1 along the G–M direction. Our work shows that metal-semiconductor heterostructures can be interesting vehicles to tune the plasmon
energy in monolayer TMD metals.
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